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The growth characteristics of magnetron sputtered Co-22%Cr thin films on amorphous glass or carbon substrates have 
been investigated utilizing transmission electron microscopy, X-ray diffraction and electrical resistivity measurements. 
Results indicate that the initial deposit is “amorphous”. but that small crystallites form before the film reaches 5 nm film 
thickness. By 10 nm, well oriented grains with hcp c-axis perpendicular to the film plane develop, and by SO nm, a columnar 
microstructure is evident. A distinct subgrain structure was also observed in the thinner films (IO-50 nm), and this is 
reflected in the electrical resistivity. These observations cannot be accounted for by an “evolutionary selection” growth 
scenario. but must be related to the low surface mobility of adatoms at these low substrate deposition temperatures 
( < 50°C). 
1. Introduction 
CoCr has been studied extensively as the lead- 
ing candidate for perpendicular magnetic record- 
ing media [ 1,21. Due to its relatively simple hcp 
crystal structure, this material also serves as a 
logical system for the study of microstructural 
development on various substrates. The develop- 
ment of microstructure in this system has been 
reported by a number of investigators [3-91. These 
studies have indicated a general growth scenario 
in which an initial fine-grained, randomly ori- 
ented “transition layer” first forms, followed by 
the development of columnar grains, with their 
c-axes out of the film plane. The thickness of this 
“transition layer”, as well as the morphology of 
the columns (conically expanding or straight 
sided) vary according to the particular deposition 
conditions and/or substrate materials utilized. 
For example, conically expanding columns and a 
significant transition layer in rf-sputtered CoCr 
films were reported by Lodder et al. [3] and 
Hwang et al. [4] for films deposited on glass and 
by Futamoto et al. [51, on NaCl substrates. Grundy 
et al. [6] cited similar results in dc triode sput- 
tered films deposited on glass. Conversely, Lee et 
al. [7] generally observed conically expanding 
columns and very thin transition layers in dc 
magnetron sputtered CoCr films on glass. Finally, 
Hong et al. [8] and Cura and Lenhart [9] found 
straight columns and no transition layer in mag- 
netron sputtered (on Si or SiO, substrates) CoCr 
films. This represents merely a sampling of the 
available literature on the subject. In this investi- 
gation, the development of the microstructure in 
Co-22 at%Cr films sputter deposited on amor- 
phous substrates has been examined systemati- 
cally and in considerably more detail than has 
been reported to date. 
2. Experimental 
Films were deposited onto amorphous (Corn- 
ing 7059 glass or carbon) substrates using a Var- 
ian DC Magnetron (“S” gun) sputtering system. 
Sputtering conditions included an argon pressure 
of one mTorr, unheated substrates (T < 50°C) 
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and a sputtering rate of 0.25 rim/s.. Thin film 
(5 50 nm) plan view TEM specimens were pre- 
pared by depositing directly onto carbon coated 3 
mm copper grids, enabling direct TEM observa- 
tion. Thicker films were deposited onto glass 
substrates which were mechanically thinned to 
about 40 pm, after which they were ion (Ar + > 
beam milled to electron transparency. The simi- 
larity of microstructures for thick ( > 50 nm) films 
deposited on amorphous carbon and glass sub- 
strates has been reported previously [lo]. Section 
samples (deposited on glass) were fabricated by 
bonding two films face-to-face, mechanical thin- 
ning and ion beam milling. Conventional TEM 
(bright field imaging and selected area diffrac- 
tion) as well as electron microdiffraction were 
performed on JEOL 2000FX, transmission elec- 
tron microscope, operating at 200 kV. For high 
resolution work, a JEOL 4000EX HREM operat- 
ing at 400 kV, was employed. Electrical resistivity 
was determined on 0.5 x 2 cm2 samples employ- 
ing a four point probe method. These measure- 
ments were made using a current of 100 J.~,A, at 
liquid nitrogen temperatures to minimize any 12R 
heating effects. X-ray rocking (Ae,,,) curves were 
taken utilizing Cu Ka radiation on a Rigaku 
Geigerflex diffractometer. 
3. Results 
Figure 1 shows a plan view high resolution 
micrograph taken from a 5 nm thick CoCr film. 
As shown, the majority of the area is 
Fig. 1. (a) TEM micrograph of a 5 nm thick CoCr film. Note the presence of occasional small crystallites within the amorphous 
matrix. Arrow indicates one such crystallite. (b) HREM image showing a single crystallite. Inset depicts the corresponding optical 
diffraction pattern. 
“amorphous” even at the approximately 0.18 nm 
point-to-point resolution of the microscope. The 
ring pattern taken from this area (fig. 1 inset), 
although sharp, displays no discrete diffraction 
maxima and is consistent with an amorphous 
structure. Small (= 2 nm) crystallites are occa- 
sionally observed within the amorphous matrix 
(arrowed in fig. la). Figure lb shows a high 
resolution image of a single crystallite.The optical 
diffraction pattern (Fourier transform of image) 
taken from this region (fig. lb inset) shows ev- 
dence of crystallinity as indicated by the presence 
of discrete diffraction spots. These results rcpre- 
sent the first actual observation of the initial 
crystallite nucleation layer in CoCr thin films. 
Table I 
Film and orientation parameters. Key: I = film thickness; rl, 
= average grain diameter; rl, = column diameter: AH,,, = N- 
ray rocking CUIW half width; (Y<,,~ = average grain-to-prain 
misorientation; all films deposited on glass wbrtratcs 
/ rl, (IL ~8% (Y,,,, 
(nm) (nm) (nm) ( ‘) ( ‘I 1 
Figures 2a-d show typical plan views of the 
microstructure for films of thickness 10-500 nm. 
From fig. 2a, it can be seen that by 10 nm, an 
Fig. 2. TEM micrographs (plan view) of (a) 10 nm, (b) SO nm, (c) 100 nm, (d) 500 nm thick CoCr films. Note the presence ot 
intragranular defects in (c) and cd). 
B.C. Demczyk / Magnetron sputtered CoCr thin films 241 
individual grain structure is starting to develop. 
In thicker films, these grains become more pro- 
nounced (figs. 2b-d). In addition, defects are 
observed within individual grains. These have 
been shown to be stacking faults, lying on the 
(0001) planes [ll]. It is thought that these faults 
form to relieve the large in-plane film stress de- 
veloped in film growth [ll]. From table 1, we see 
that the average grain diameter is nearly constant 
with increasing film thickness, indicating that the 
final grain size is reached early on (by 50-100 nm 
thickness). This result differs from that reported 
in refs. [3-71, in which the grain size increased 
with increasing film thickness over a considerable 
film thickness range, but is similar to the results 
presented in refs. [8,91. Figures 3a-d show the 
corresponding selected area diffraction patterns 
taken from these films. It is of note that all of the 
patterns are similar. Comparison with a com- 
puted hcp ring pattern (fig. 4) reveals that only 
rings of the form (hki0) are present, which indi- 
cates c-axis (00021 texturing normal to the film 
plane. This is also reflected in the observed X-ray 
rocking (about the (0002) peak) curve half widths 
(Ae,,), also listed in table 1, which are 10’ or 
less for all films for which an appreciable signal 
could be obtained. 
In fig. 5, section views are shown for these 
Fig. 3. SAD ring patterns taken from (a) 10 nm, (b) 50 nm, (c) 100 nm, (d) 500 nm thick CoCr films. Note that all patterns are 
similar. 
Fig. 4. Computed SAD ring pattern showing rings correspond- 
ing to the first few reflections of hcp CoCr. Comparison with 
fig. 3 reveals that only the (hki0) rings are present, indicating 
(0002) texturing normal to the film plane. 
a 
same films. At 10 nm film thickness (fig. 5a), a 
continous film is observed, with no distinguish- 
able grain structure evident. This is consistent 
with the plan view microstructure for films of this 
thickness, in which the grains are barely distin- 
guishable (fig. 2a). It is significant to note that 
these films are very strongly textured (c-axis nor- 
mal to the film plane), even though a columnar 
microstructure has not yet developed. By 50 nm 
(fig. Sb), a well defined column structure has 
formed. These columns are seen to extend 
through the film thickness, even in the thicker 
films (figs. 5c and 5d). From table 1. we see that 
the range of measured column diameters is simi- 
lar to the average grain diameter encountered 
earlier. Thus it appears that each column is com- 
prised a single grain, as can be inferred from the 
work of Hong et al. [8] for magnetron sputtered 
CoCr films on fused quartz. The aforementioned 
intragranular defects are also clearly visible in 
films of thickness 50 nm and greater (figs. Sb-d). 
a 
__- .-. _” “_ -. 
Fig. 5. TEM micrographs (section views) of (a) 10 nm, (b) 50 nm, (c) 100 nm, (d) 500 nm thick CoCr films. Note the lack of column 
development in (a) and the presence of intragranular defects in (b). (c) and (d). 
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Fig. 6. Plot showing (a) electrical resistivity, (b) resistivity X film 
thickness as a function of film thickness. Note the sharp 
increase at small thickness values in (b), suggesting the pres- 
ence of low angle boundaries. 
At a film thickness of 500 nm (fig. 5d), the 
stacking fault density becomes quite high. 
In fig. 6a, the electrical resistivity is plotted as 
a function of film thickness. As shown, one ob- 
serves large resistivity values in the 50 nm and, 
especially, the 10 nm thick films. It would be 
expected that the resistivity would increase with 
decreasing film thickness due to increased elec- 
tron scattering from the (now closer) film free 
surface [12]. However, fig. 6b shows that the 
product of the resistivity and the film thickness 
increases as well, indicating an additional contri- 
bution to electron scattering in the thinner films. 
This suggests that additional electron scattering 
centers are present in the thinnest films. One will 
also notice that the resistivity values do not change 
significantly beyond approximately 100 nm film 
thickness. This is consistent with the observation 
that column boundary widths remain constant 
with increasing film thickness above this value 
(table 1 and figs. 5b-d), the column boundaries 
presumably acting as electron scatterers. Close 
examination of the film microstructure in 10 nm 
films (fig. 7) reveals the presence of boundaries 
within the grains themselves. Electron micro- 
diffraction (10 nm probe size) patterns taken 
across such boundaries (fig. 7 upper inset) reveal 
a small ( < 10 o > rotational misorientation, look- 
ing down the (0002) zone axis. This is to be 
contrasted with microdiffraction patterns taken 
across the grain boundaries themselves (fig. 7 
lower inset), which display larger misorientations. 
Figure 8 depicts a high resolution image taken 
from a single grain in a 10 nm thick CoCr film. 
The predominant lattice fringes are those corre- 
sponding to the (lOi0) planes. This is confirmed 
by optical diffractogram analysis, which yields a 
large number of [0002] patterns (inset), indicating 
c-axis texturing normal to the film plane. Close 
examination of this micrograph reveals regions 
(arrowed, for example, in fig. 8) across which the 
u-axes are slightly misaligned. This provides the 
first direct evidence for the presence of low angle 
boundaries in CoCr thin films. The frequency of 
occurrence of these small angle boundaries de- 
creases with increasing film thickness. At film 
thicknesses of 100-200 nm, such boundaries can 
no longer be distinguished. As shown in table 1, 
the average u-axis misorientation value ((Ye,,), 
measured by examining random (0002) electron 
microdiffraction patterns collected from a large 
number of grains, approaches 13.5’ f 2 o at the 
100 nm film thickness. A value of 15 o would be 
expected if the a-axes were randomly distributed 
rotationally about the c-axis in the film plane. 
These low angle boundaries are thought to ac- 
count for the increased electrical resistivity mea- 
sured in the thinner films. 
4. Discussion 
Most growth scenarios proposed for this mate 
rial [13] involve the formation of a “transition 
layer”, comprised of small, randomly oriented 
grains, followed by vertical growth of columns via 
an “evolutionary selection” mode [141. In such a 
mode, the film texture is determined by the fastest 
vertical growth direction, often that normal to the 
closest packed plane [ 151 (here (0002)). This would 
account for the observed long range enhance- 
ment of the film texture (A@,,,) seen in the thick- 
est (500 nm) films (table 1). In the present case. 
however, well oriented subgrains and strong c-axis 
texture (normal to the film surface) arise in films 
as thin as 10 nm (fig. 7). According to Movchan 
and Demchishin [16], when the substrate tempcr- 
aturc is less than one-third of the melting point 
5nm 
Fig. 7. Micrograph showing a single grain in a 10 nm thick CoCr film. Note the distinct boundaries within the grain. Insets 
represent electron microdiffraction patterns (10 nm prohesize), taken across both low angle and grain boundaries. 
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of the metal being deposited, the mobility of 
adatoms is low and incoming deposit atoms 
“stick” where they land, since the surface mobil- 
ity is limited. This is seen to lead to the develop- 
ment of a continous, but noncrystalline film layer. 
When this layer reaches some critical thickness, 
crystallites (see figs. la and lb) can develop by an 
athermal process [17]. For deposition tempera- 
tures less than one third the melting point of the 
deposit, athermal processes are often observed 
[18-201. As small groups of atoms crystallize 
athermally from the amorphous precursor phase, 
they release a heat of crystallization which fur- 
ther stimulates crystallization until neighboring 
nuclei impinge (as per fig. 2a). The final grain 
size attained is therefore determined by the den- 
sity of the crystallite nuclei rather than the rela- 
tive growth rates in various crystallographic direc- 
tions. Grovenor [17] also proposes that the trans- 
formation from precursor to stable structures may 
influence the orientation of the individual grains 
it produces through the effects of elastic 
Fig. 8. HREM image of a single grain in a 10 nm thick CoCr film. Note the boundary that separates (OliO) planes of slightly varying 
orientation. Inset shows the corresponding optical diffraction pattern, displaying (0002) texture normal to the film plane. 
anisotropy. Grain boundaries in these initial sta- 
ble grains would then be of the low angle (tilt or 
twist) type. This is indeed what is observed in the 
present case (figs. 7 and 8). Large values of 
in-plane film stress which display reversals in sign 
at small film thicknesses have recently been ob- 
served in sputtered CoCr films [21]. Although the 
exact mechanism of texture formation in the 
thinnest films remains unclear at this time, it is 
thought to be related to such stress effects. 
5. Summary 
Microstructural studies on magnetron sput- 
tered CoCr thin films deposited on amorphous 
substrates reveal the following growth character- 
istics. The initial film deposit is predominantly 
amorphous, with occasional small crystallites 
forming by 5 nm thickness. By 10 nm, the film is 
entirely polycrystalline and already highly c-axis 
textured normal to the film plane. At this thick- 
ness, one observes distinct intragranular low an- 
gle boundaries within the primary grains. By 50 
nm, well developed columns are seen in which 
one observes intragranular defects. By 100 nm, 
the low angle boundaries are no longer present. 
Further growth occurs essentially in the vertical 
(normal to the film plane) direction. 
Film growth scenarios based on evolutionary 
selection do not account for the observed mi- 
crostructures in the thinnest films, and one must 
take into account the low surface mobility of 
adatoms at the low deposition temperatures en- 
countered. 
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